Control in size, crystallinity, and optical properties of ZnO nanoparticles (NPs) synthesized via coprecipitate method were investigated. A systematic change in particle size, crystallinity, and optical properties was observed by increasing synthesis temperature from 65 ∘ C to 75 ∘ C. A detailed study also suggested that smaller nucleation time is better to control the size distribution but the crystallinity will be compromised accordingly. Postannealing of ZnO NPs at 400 ∘ C also improves the crystal quality. Ultraviolet (UV) sensors were successfully synthesized and the results suggested that as-synthesized ZnO NPs can be used as active material for sensor applications.
Introduction
Zinc oxide (ZnO) has been recognized as one of the promising materials for advance applications because of its wide bandgap (3.37 eV) and relatively large exciton binding energy (60 meV) [1, 2] . Its potential applications are in transparent electronics, ultraviolet (UV) light emitter, surface acoustic wave (SAW) devices, and spin electronics [3] [4] [5] [6] [7] . Various methods have been employed to prepare ZnO NPs with small diameters including precipitation of colloids in solution [8] , sol-gel methods [9] , thermal transport methods [10, 11] , pulsed laser deposition (PLD) [12] , and metal-organic chemical vapor deposition (MOCVD) [13] . It is well known that preparation of ZnO via solution-based chemical processing routes provides a promising option with control of particle size, shape, and crystallinity representing some of the key issues in this area [14] .
ZnO is also a potential optical and gas sensor material due to its high sensitivity to toxic and combustible gases, carrier mobility, and good chemical and thermal stability at moderately higher temperatures [14] . Recently ZnO shows the possibility of developing photodetectors with intrinsic "visible-blindness" and enables room temperature operation. UV sensing mechanism of ZnO is linked with bandgap and photoexcitation in which size, crystal structure, and defects play crucial role in sensing response [15] .
In the present study, we demonstrate the size and crystal defect relationship of ZnO NPs by changing synthesis temperature, nucleation time, and annealing, using coprecipitate method. UV light was successfully detected at room temperature using ZnO NPs synthesized at different temperatures. defined for a Van der Waals (VdW) body-body interaction, Wikipedia). The solution was then divided into 3 equal parts and heated to 65 ∘ C, 70 ∘ C, and 75 ∘ C. In another beaker, potassium hydroxide (KOH, 0.81 g,) was dissolved into 46 mL of methanol (14.44 mmol, stock solution). Stock solution was then added dropwise to the flask containing Zn acetate and methanol in approximately 15 minutes. The stock solution and acetate solution were at the same temperatures. The solution was then stirred at a constant temperature of 65 ∘ C, 70 ∘ C, and 75 ∘ C for 2.5 hours. When KOH was added, the solution became milky and turned transparent after 10 minutes of stirring. After about 1.3 hours of stirring the color of the solution again became milky and remained so till the end. The final solution was then centrifuged to separate ZnO nanoparticles (NPs) from other solvents. ZnO NPs were washed twice with distilled water and then twice with ethanol and subsequently dried in the oven at 60 ∘ C for 8 hours.
In another set of experiments, the synthesis temperature was kept constant at 62 ∘ C and the nucleation time was controlled to 0 min, 2 min, and 8 min, to see the effect of nucleation. Heat treatment of selected samples was done at 400 ∘ C for 2 hours in a tube furnace in air.
The size and shape of the NPs were determined using scanning electron microscope (SEM, Hitachi SU-1500) and atomic force microscope (SPM5200, JEOL) in noncontact (NC) and tapping (AC) modes. The microfabricated cantilever (NSC35; masch) probe employed for this purpose was 130 m long with spring constant, resonance frequency, and nominal tip radius of 4.5 N/m, 150 kHz, and <10 nm, respectively. For AFM sample preparation, ZnO nanoparticles were dispersed onto atomically smooth highly oriented pyrolytic graphite (HOPG) surface by placing a droplet on it from the suspension and drying off the liquid medium. Phase analysis was done using X-ray diffraction (XRD, PANalytical X-Pert Pro with Cu-K radiations). Optical characterization was carried out by measuring the diffuse reflectance spectroscopy (DRS) at room temperature using Lemda-950 Perkin-Elmer and Fourier transform infrared spectrometer (FTIR). UV sensor experiments were done using 18 W UV lamp. Figure 1 shows the SEM micrographs of ZnO NPs after washing and drying. SEM results show an increase in the average particle size and particle agglomeration for higher synthesis temperatures. The particle sizes were estimated to be 98 ± 43, 135 ± 77, and 458 ± 243 nm, for synthesis temperatures of 65 ∘ C, 70 ∘ C, and 75 ∘ C, respectively. Nanoparticles were found to be nearly spherical in shape. Figure 2 is the XRD results of all the three samples. The results clearly suggest that there is a systematic decrease in peak intensity and increase in peak width (FWHM) with increase in temperature (inset). Figure 1 clearly shows that particle size is increasing with temperature. Therefore, Journal of Nanomaterials FWHM effect may not be the size or quantum confinement effects but possible reason for increase in FWHM can be that crystal quality was decreasing and defects increased with temperatures. It is suggested that fast growth rate at higher temperatures can be the possible reasons for this phenomenon. This can also be predicted by von Weymarn ratio (commonly misspelt as von Weimarn), where, according to this relation, the particle size is inversely proportional to relative supersaturation where
Results and Discussion
where is the concentration of reactants before precipitation, is the solubility of precipitate in the medium from which it is being precipitated [16] . There is another possibility that this is not ZnO but a mixture of hydroxides [17] . However, we did not find strong evidence in the XRD data and according to our understanding crystallinity related discussion best explains our results. Figure 3 shows the FTIR spectrum acquired in the range of 420-4000 cm −1 . ZnO stretching mode appeared at 480 cm −1 [18] . A small signal of (OH) groups around 3570 cm −1 is observed probably arising due to contact of the ZnO sample with air resulting in adsorption of water vapor. Lower intensities of secondary peaks are clear indication that washing of samples was to a reasonable level.
Another set of experiments were performed by systematically changing the nucleation time (0 min, 2 min, and 8 min) while keeping all the other synthesis parameters constant. The area scans for ZnO NPs are presented in Figure 4 . The presented selected scan area gives insight into the particle shape and size that is representative of the bulk powder sample. Figure 4 clearly suggests a systematic increase in the average particle size and wider size distribution for higher nucleation times. Particle sizes were estimated to be 41 ± 11, 84 ± 21, and 135 ± 95 nm, for nucleation time of 0 min, 2 min, and 8 min, respectively (Table 1) . Nanoparticles were The results also suggest that washing of samples was to a reasonable level. found to be nearly spherical in shape with narrow particle size distribution. A series of experiments (results not shown here) indicated the important role of stirring toward control of size distribution. It was noticed that intermediate stirring offered better control over particle size, producing nanoparticles with relatively narrow size distribution. Figure 5 is the XRD results of all the three samples with different nucleation time. The results clearly suggest that there is a systematic increase in FWHM and peak shift towards higher angle with increase in nucleation time. The angular peak position of bulk crystalline ZnO with (101) orientation is 2 = 36.255 ∘ (JCPDS card # 65-3411) [19] . XRD results suggest that, with the increase in nucleation time, the peak shifts towards higher angle which is much closer to the above-mentioned JCPDS card. One of the possible scientific explanations can be that if nucleation sets in too quickly, too many crystals will grow and reduce the local reactants concentration and defects started appearing into the crystal, affecting the crystal quality. However, the size distribution will become wider with the increase in the nucleation time.
The UV-visible spectroscopy results are shown in Figure 6 . The diffuse reflectance, , of the samples is related to the Kubelka-Munk function ( ) by the relation ( ) = (1 − ) 2 /2 , where is the percentage reflectance [19] . The spectra used for the bandgap calculations are plotted in terms of 2 ( ). The bandgap energy of the ZnO NPs was calculated from their diffuse reflectance spectra by plotting the square of the Kubelka-Munk function ( ) 2 versus energy in electron volts. The linear part of the curve was extrapolated to ( ) 2 = 0 to get the direct bandgap energy. There is a slight change in the bandgap with the increase in the nucleation time (Table 1 ) and the bandgap ranges between 3.0 eV and 3.2 eV. This is in accordance with the previously reported results [11] . The results also suggest that the intensity of deep level emissions (DLE, defects related peak, 2.3∼2.7 eV) decreases with increase in the nucleation time. Point defects, that is, oxygen vacancy, oxygen interstitial, zinc vacancy, and impurities, are considered to be possible origins for these bands [11] . The decrease in DLE suggests that crystal quality becomes better with increase in nucleation time.
Journal of Nanomaterials The XRD and UV-Vis results are in excellent agreement with each other. The increase in XRD intensities suggests better quality of ZnO. XRD peak shift towards higher angle also indicates an improvement in the overall crystal structure. Hence it can be suggested that, in coprecipitate method, by increasing the nucleation time, ionic depletion regions around the nuclei can be avoided and supersaturation conditions will not be disturbed. This gives enhanced mobility and diffusion that could decrease the defects and improve crystal quality of ZnO NPs [20] .
In another set of experiments, ZnO NPs were annealed in air at 400 ∘ C to tune the crystal defects. The results in Figure 6 (nucleation time: 2 min, before and after annealing) clearly suggest that DLE intensity significantly decreases after annealing. Previous researchers have suggested that defects may degrade the performance of optical devices fabricated from III to V semiconductors [20] . Two different groups in independent studies concluded that after annealing the ZnO films, DLE peak decreases significantly, indicating that quality of ZnO film was improved through annealing [21] . Therefore it can be deduced that postsynthesis heat treatment plays an important role in tuning the crystal defects. Point defects, that is, oxygen vacancy, oxygen interstitial, zinc vacancy, and impurities, are considered to be possible origins for these bands [22] . Point defects, at compound semiconductor surfaces, are, for entropy reasons, thermodynamically stable at high temperatures [23] . Therefore it is difficult to remove them completely only by thermal treatment and a minor peak may always be present in the UV-Vis data. Figure 7 is the room temperature UV sensing results of ZnO NPs. The overall resistance decreases with the exposure of UV light and increases again when the UV lamp was switched off. When the energy of photon is greater than the band gap energy , radiation is absorbed by ZnO NPs, creating electron-hole pairs. The photogenerated, positively charged hole neutralizes the chemisorbed oxygen responsible for the higher resistance, increasing the conductivity of the device. As a consequence, the conductivity in the material increases, giving rise to photocurrent. This results in decrease in overall resistance. This process goes on in a cyclic manner with the On-Off switching of UV light. Particles synthesized at 65 ∘ C showed best results as UV sensors; that is, sensitivity was highest as compared to NPs synthesized at 70 ∘ C and 75 ∘ C. ZnO NPs synthesized at 70 ∘ C showed intermediate sensitivity and least sensitivity was shown by NPs synthesized at 75 ∘ C. This effect can be related to the crystal quality of ZnO NPs (related to defects and bandgap). If there are lesser crystal defects the DLE emissions will be lesser and more photons will be available to excite the electrons from valance to conduction band, thus increasing the photocurrent. Also, some irregular peaks were observed in the sensor results of NPs synthesized at 70 ∘ C. This may be due to the fluctuations in the light source for that particular experiment.
Conclusion
ZnO NPs were synthesized by coprecipitate method. The particle sizes were estimated to be 98 ± 43, 135 ± 77, and 458 ± 243 nm, for synthesis temperatures of 65 ∘ C, 70 ∘ C, and 75 ∘ C, respectively. XRD results suggested that faster growth dynamics at higher temperatures introduce defects and therefore decrease the crystal quality. Nucleation time is also critical to control the size and size distribution. Particle 6 Journal of Nanomaterials sizes were 41 ± 11 nm, 84 ± 21 nm, and 135 ± 95 nm, for nucleation time of 0 min, 2 min, and 8 min, respectively. However, XRD results clearly suggested a decrease in crystallinity with decrease in particle size. Therefore a compromise is always there between smaller size of ZnO NPs and the crystal defects. UV-Vis results also support the findings and DLE peaks significantly decrease with increase in nucleation time. UV-Vis data of as-synthesized and annealed samples also suggested a significant decrease in the DLE peaks after postsynthesis annealing. Comparison of UV sensors results suggested that best sensitivity was from ZnO NPs with best crystal quality that is synthesized at 65 ∘ C.
